Lotus-type porous brass has been fabricated by utilizing solid-state diffusion of zinc into porous copper which has been made by unidirectional solidification in pressurized hydrogen gas. The Zn diffusion has been carried out by thermal annealing of the porous copper. Zn was deposited by electroplating or vapor deposition method. It has been shown that the diffusion method is a very efficient way to synthesize the lotus-type porous alloys with a suitable composition.
Introduction
Recently, porous metals have attracted much attention for application such as lightweight materials, catalyses and electrodes utilizing large specific surface areas, vibration and acoustic energy damping materials, and impact energy absorption materials, etc. So far various fabrication methods of porous metals have been developed, which are foaming technique with gas bubbling, metal deposit in polyurethane foam by electroplating method, powder sintering metallurgy technique and so on. [1] [2] [3] The spatial pore distribution in the porous metals fabricated by these methods is usually disorder. On the other hand, the formations of elongated gas holes during solidification of metals have been studied by several investigators. [4] [5] [6] [7] Nakajima and co-workers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] also fabricated porous iron, nickel, copper, silver and their alloys in pressurized hydrogen, nitrogen or oxygen by means of the unidirectional solidification by Czochralski method or by casting method. These porous metals should be distinguished from conventional porous metals such as sintered metals and foamed metals etc. because of their elongated pore shape. In this paper, we designate these porous metals with elongated pores as lotus-type porous metals, since they look like lotus roots. The size and the growth directions of pores and the porosity in the lotus-type porous metals can be controlled by the gas pressure during melting and solidification processes, the solidification velocity and the melt temperature. Thus, various kinds of porosity in the porous metals can be controlled by this method, which is much different from other methods for sintered metals and foamed metals. However, no systematic investigations have been carried out for alloys.
Brass is one of the most useful materials for its superior mechanical property and resistance to wear and corrosion. Therefore, the application of the alloy is expected to expand much in various fields if the fabrication of lotus-type porous brass is achieved. Unfortunately, it is not easy to fabricate lotus-type porous brass by the same method as those applied for other metals. This is probably because of its very low hydrogen solubility.
In the present work, lotus-type porous brass has been fabricated by utilizing solid-state diffusion of zinc into porous copper which was made by unidirectional solidification in high pressure of hydrogen atmosphere. This paper reports the fabrication method and characterization of the lotus-type porous brass.
Experimental Procedure
The experimental procedures consist of two processes: fabrication of the lotus-type porous copper and alloying process by zinc solid-state diffusion.
High purity copper (99.99%) pieces were induction-melted in vacuum in a high-pressure chamber. After they were completely melted in a graphite crucible, hydrogen gas was introduced in the chamber. The pressure was controlled to be 0.14 MPa. After holding the melt at 1523 K for 1200 s to dissolve hydrogen, the melt was poured into a mold with a cylindrical shape of 100 mm in diameter; a water-cooled copper chill was placed at the bottom and the side wall was made of a stainless steel sheet of 0.1 mm thickness to avoid the solidification from the side surface. During the unidirectional solidification of the melt, hydrogen dissolved in the melt is rejected at the solid-liquid interface because of the solubility gap of hydrogen between in liquid and solid; the solubility in the solid copper is much lower than in the liquid copper. 21) Thus, hydrogen gas forms cylindrical pores that grow parallel to the solidification direction. The apparatus used for fabricating the porous copper ingot is described elsewhere 20) in details. The ingots were cut parallel to and perpendicular to the solidification direction by using a sparkerosion wire-cutting machine (Model A320D, Sodick Corp.). Figure 1 shows the cross sections perpendicular to and parallel to solidification direction. These sections were observed with an optical microscope. The mean pore diameter and porosity were determined using an image analysis system (Macscope, Mitani Corp.).
In the present work, experiments to make zinc atoms diffuse into this porous copper were performed by the following two methods.
Electroplating method
Electroplating of Zn onto porous Cu was made at room temperature in plating bath (ZnSO 4 Á7H 2 O, AlCl 3 Á6H 2 O and Na 2 SO 4 ). A Zn plate was used as the anode, while the samples were connected to cathode. The current density was held at 2 A/dm 2 . The thickness of the electroplated layer was The samples were annealed in quartz tubes with vacuum of 1 Â 10 À4 Pa at 653 K for 1:08 Â 10 4 s. After annealing, the samples were observed by an optical microscope and their compositions were analyzed by electron-probe micro analysis (EPMA).
Vapor deposition method
The porous copper sample was cut out from the porous copper ingot in a rectangular parallelepiped shape of 4:0 Â 7:0 Â 9:0 mm 3 . A zinc piece was cut out from high purity zinc (99.99% Zn) bar. The weight of porous copper and zinc piece is shown in Table 1 . The copper sample was wrapped in a tantalum foil and was annealed together with the zinc piece in a quartz tube with vacuum of 1 Â 10 À4 Pa under the conditions shown in Table 1 . During annealing, zinc was evaporated, deposited onto the porous copper and diffused into the copper. After annealing, the samples were observed by an optical microscope and their compositions were analyzed by EPMA. (a) (b) Fig. 1 Cross sections perpendicular to (a) and parallel to (b) the solidification of the lotus-type porous copper fabricated by the unidirectional solidification under hydrogen atmosphere of 0.14 MPa. T. Aoki, T. Ikeda and H. Nakajima (b) are for the samples of electroplated layer thickness of 5 mm and 20 mm, respectively. The composition analyses were done between two neighboring pores on the cross section perpendicular to pore direction after removing the surface layers of 0.5 mm in thickness by grinding. It is found in the figures that the compositions of the layers which are considered to have been the electroplated layers have changed to be the brass compositions. The above situation is due to the following diffusion process. At the initial stage of the diffusion process, copper atoms are more supplied from the interface between zinc and copper to the electroplated layer than zinc to copper because the impurity diffusion coefficient of zinc in copper 22) is larger than that of copper in zinc. 23 ) Such a diffusion process leads to the increase in the copper concentration in the surface layers. At the following stages, the diffusion occurs mainly in the surface layers, and then around 40 at%Zn, the diffusion gets remarkably slower since the chemical diffusion coefficient is 10 À19 -10 À17 m 2 /s 24, 25) under about 40 at%Zn while it is 10 À13 -10 À11 m 2 /s [26] [27] [28] [29] over about 40 at%Zn. Thus, it is considered that the compositions of the surface layers are changed into the brass compositions mainly by the diffusion of copper atoms into the surface layers.
Thus, the surfaces and even the insides of open pores of lotus-type porous copper samples easily changes to brass by annealing at relatively low temperature such as 653 K following the deposition of a zinc layer by electroplating. Figure 3 is the result of the analysis by EPMA on the sample annealed at 853 K for 4:32 Â 10 4 s. Zinc pieces remained in the quartz tube after annealing; all of zinc did not evaporated thoroughly. Only the layer in the vicinity of the pore surface of about 50 mm in thickness changed to the brass composition. Figure 4 is the result of the analysis by EPMA on the sample annealed 953 K for 4:32 Â 10 4 s. No zinc pieces remained in the quartz tubes after annealing. All of zinc atoms evaporated and diffused into the sample. It was found that the composition was almost constant between two neighboring pores on the cross section parallel to pore direction; zinc concentration is around 40 at%. As seen in the results of map analysis of Figs. 4(a) and (b) the sample exhibited almost uniform composition. Thus, the lotus-type porous brass was fabricated by zinc diffusion into lotus-type porous copper. Figures 5 and 6 show the concentration maps 
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T. Aoki, T. Ikeda and H. Nakajima of the sample surface and the cross section of the middle part of the sample, respectively. The concentration is almost uniform in whole of the sample; the composition was 43:0 AE 2:4 at% on the sample surface and 41:6 AE 2:6 at% in the middle part, respectively. As seen in Figs. 5 and 6, the shape of the sample with lotus-type pores was held even after the diffusion process of zinc of as large as 40 at%. On the sample surface, the porosity of the samples which was 52% before annealing changed to 55% after annealing. No significant change in the porosity was observed on the sample surface. On the other hand, the porosity inside the sample changed to 28% and decreased by the annealing, which is consistent with the result that the sample weight after zinc addition increased by 1.60 times, but the volume increment was only 1.16 times.
Conclusion
The lotus-type porous brass has been fabricated by zinc diffusion into porous copper. Two methods have been taken to deposit zinc onto porous copper; electroplating method and vapor deposition method. It has been found that the electroplated surface layer formed to the layer with the brass composition by thermal annealing. On the other hand, after the vapor deposition, the composition of the whole of a sample of lotus-type porous copper changed to be that of brass homogeneously by annealing at 953 K for 4:32 Â 10 4 s. Thus it is considered possible to fabricate the lotus-type alloy which is difficult to make porous by the solidification in such diffusion processes.
